1. Introduction {#sec1}
===============

The limited ability of the human central nervous system (CNS) to repair itself following injuries has been known since the days of Ancient Egypt (3,000--2,5000 BCE), as documented in the Edwin Smith papyrus \[[@B1]\]. It had long been thought that neurons in the CNS were incapable of mounting a regenerative response, until the studies of Aguayo and colleagues in the early 1980\'s \[[@B2], [@B3]\] which demonstrated that certain classes of neurons within the CNS, particularly those neurons which sustained an axonal injury in close proximity to their cell body, were able to regenerate their axons within a permissive environment, such as a peripheral nerve graft. Aguayo\'s work and more recent studies \[[@B4]--[@B6]\] have all demonstrated that supraspinal neurons (neurons arising in the cerebral cortex or brainstem and which project their axons caudally into the spinal cord) are actually capable of mounting a regenerative, albeit brief, and response following injury, when provided with the proper environment. While advances in science have not solved the problem of this short and often abortive nature of CNS neuron regeneration, many of the studies point to the same general theme: CNS neurons attempt to regenerate, but the post-injury environment is highly inhibitory to this process due to many molecules expressed after damage to the nervous system. One family of molecules, the chondroitin sulfate proteoglycans (CSPGs), are of particular importance and have significant roles in limiting the reparative response in almost every case of CNS damage.

Injuries to the CNS can generally be classified into two overarching categories: traumatic and neurodegenerative. Traumatic lesions to the brain or spinal cord are largely contusive in nature and often result from falls, sharp blows, or sudden deceleration style injuries, rather than penetrating wounds \[[@B7], [@B8]\]. Unlike sharp lacerating wounds that sever tissue, contusion lesions occur when a physical force (compression, shearing, or tensile) is rapidly applied to neural tissue without cutting \[[@B7], [@B9]--[@B11]\]. These sudden forces cause rapid and focal compression and displacement of neural tissue, resulting in the disruption of multiple afferent and efferent neuronal fiber tracts. Nontraumatic injuries to the CNS are often caused by degenerative pathologies, such as multiple sclerosis, Alzheimer\'s disease, and Parkinson\'s disease. While research is progressing in all arenas of traumatic and degenerative CNS lesions, one common attribute is observed: the expression of CSPGs in and around the areas of CNS tissue damage. It is important to understand that upregulation of CSPG expression in response to an insult is thought to be a protective mechanism, an attempt to wall off the area of damage and limit its spread \[[@B12]--[@B15]\]. However, this creates a cellular microenvironment that inhibits regeneration and repair. It follows then that one therapeutic approach to enhance CNS repair involves modulation of CSPG expression, which can change the cellular environment to allow for neural regeneration.

2. Chondroitin Sulfate Proteoglycans {#sec2}
====================================

Among the many CSPG molecules expressed in the CNS are the lectican group, which include aggrecan, three forms of versican (V0, V1, and V2), neurocan, and brevican ([Figure 1](#fig1){ref-type="fig"}). All members of the lectican family consist of a central core protein that has an N-terminal G1 domain and a C-terminal G3 domain. The central domain binds the chondroitin sulfate glycosaminoglycan side chains (CS-GAG) \[[@B16]--[@B18]\]. The aggrecan proteoglycan is the only member of the lectican group that has an additional globular (G2) near the G1 domain. Individual lectican molecules differ in the number of CS-GAG chains attached to their core proteins, with over one hundred GAG side chains being found in aggrecan and as little as zero to five GAG chains being found in brevican and neurocan \[[@B18]\] ([Figure 1](#fig1){ref-type="fig"}). The lectican family of CSPGs is largely produced by two major cell groups in the CNS: neurons and astrocytes ([Table 1](#tab1){ref-type="table"}).

Other proteoglycans that have major roles in the pathology of CNS injury are phosphacan and NG2 ([Figure 1](#fig1){ref-type="fig"}). Phosphacan is a splice variant of receptor-type protein tyrosine phosphatase (RPTP) and lacks the two intracellular tyrosine phosphatase domains that are found in RPTP \[[@B18]\]. This RPTP splice variant is secreted into the extracellular environment and contains attachment regions for CS-GAG chains. Neuron-glial antigen 2 (NG2) is a unique CSPG that lacks sequence homology to other known CSPGs. NG2 proteoglycan is a transmembrane proteoglycan, composed of a large extracellular domain (two large globular domains separated by an extended region to which the GAGs attach), transmembrane domain, and a short cytoplasmic tail ([Figure 1](#fig1){ref-type="fig"}) \[[@B18], [@B19]\]. Cells that express the NG2 proteoglycan include oligodendrocyte progenitor cells, polydendrocytes, activated microglia, and activated macrophages ([Table 1](#tab1){ref-type="table"}).

The variations in the length of the core protein and the varying number of GAG side chains attached to the central domain are major determinants of the biological activity of an individual proteoglycan. However, the biological effects of a proteoglycan are also affected by the sulfation patterns of the*N*-acetylgalactosamine and glucuronate disaccharide, the basic unit that composes the CS-GAG \[[@B16], [@B18]\]. There are four different sulfation patterns that can occur, based on either monosulfation or disulfation of the*N*-acetylgalactosamine (Gal*N*Ac) and glucuronate disaccharide (GlcA) of the GAG disaccharide, leading to the synthesis of the CS-A, CS-C, CS-D, and CS-E CS-GAGs ([Figure 2](#fig2){ref-type="fig"}) \[[@B16]--[@B18], [@B20]\]. Sulfation of the chondroitin sulfate disaccharide can occur in the 4 and 6 positions of the Gal*N*Ac and the 2 position of the GlcA \[[@B16], [@B18], [@B20]\]. It has been demonstrated that a CSPG molecule can be either inhibitory or permissive for axonal growth, based on the molecular position of the sulfation which occurs in the disaccharide \[[@B20]--[@B22]\]. For example, when the sulfation occurs at the 4-position (CS-A), the proteoglycan tends to be highly inhibitory to axonal outgrowth \[[@B21], [@B22]\] whereas sulfation in the 6-position (CS-C) is more controversial and has been found to be inhibitory to axonal outgrowth by some labs \[[@B23]\] and permissive to axonal growth in others \[[@B20]\].*In vitro* experiments show that the disulphated GAGs (CS-D and CS-E) promote the growth of embryonic axons \[[@B24], [@B25]\]. Taken together, these observations reveal many aspects of proteoglycan structure which can modulate their biological effects on cells within the CNS.

The majority of CSPGs can interact with growth factors, cell adhesion molecules, and other ECM molecules in the local environment and may regulate their biological activity. CSPGs are widely distributed throughout the normal CNS, both during development and in the adult. CSPGs expression is especially rich in the embryonic brain and can direct cell migration and axonal outgrowth by providing guidance cues \[[@B17], [@B18]\]. Phosphacan is concentrated in the regions of cell proliferation such as the ventricular zone of the embryonic brains, suggesting it may modulate cell division. In the healthy adult nervous system, the soma and proximal dendrites of certain neurons are surrounded by a CSPG rich structure known as a perineuronal net. This perineuronal net stabilizes existing synapses and inhibits the formation of aberrant synaptic connections \[[@B17], [@B26]\]. In terms of general CSPG expression patterns, white matter is rich in versican and neurocan, while brevican can be found throughout the CNS, and NG2 is found expressed among meningeal cells, blood vessels, and OPCs \[[@B27]\].

3. Traumatic Lesions {#sec3}
====================

Vast strides have been made in characterizing and understanding the complex orchestration of biological events that occurs following a lesion to the CNS. Unfortunately, it is now widely known and accepted that the events occurring in brain or spinal cord tissue post-injury create an environment hostile to a regenerative response, resulting in the abortive nature of the reparative process \[[@B9], [@B28], [@B29]\]. This is due in part to a significant upregulation of CSPGs.

The extreme forces applied to the CNS during traumatic injuries result in disruption of axonal tracts, blood vessels, and glial cells located at the epicenter of the lesion (reviewed by \[[@B10], [@B12]\]). Immediately following injury, there is a marked swelling of CNS tissue caused by damage to the local vasculature, allowing for leakage of blood plasma fluid into the surrounding extracellular space \[[@B30]\]. This vascular damage also creates an anoxic environment that is accompanied by necrosis of tissue damaged during the injury. Dying cells release their contents directly into the extracellular environment, resulting in a massive infiltration of blood borne macrophages and microglia, the resident CNS immune cell \[[@B31]--[@B34]\].

In healthy CNS tissue, microglial cells exist in a nonactive or resting state, courtesy of microglia-neuronal communications \[[@B35]--[@B37]\]. However, with an infection or trauma, microglial cells are activated, taking on the role of a phagocytic macrophage \[[@B38]\]. Activated macrophages/microglia play an important role in the CNS response to injury and infection because of the various products they secrete \[[@B37]\], including cytotoxic molecules (free radicals, i.e., superoxides), neurotrophic molecules (nerve growth factor, e.g.), and a variety of pro- and anti-inflammatory cytokines and chemokines \[[@B37]\]. These cytokines can stimulate the expression of CSPGs in a variety of cells in and around the lesion. Complicit in this process is the recruitment of blood borne macrophages which invade the lesion site. As these cells perform their biological function of phagocytizing necrotic cellular debris and any foreign pathogens, they further exacerbate the inflammatory response by releasing inflammatory cytokines, which can also stimulate CSPGs synthesis from neighboring cells \[[@B38]\]. Most important are the astrocytes located at the border of the injury, which undergo a process known as reactive astrogliosis. In response to various cytokines, astrocytes become hypertrophic and begin secreting CSPGs, leading to the formation of a glial scar. The glial scar serves as a chemophysical barrier to axonal regeneration \[[@B32], [@B33], [@B39], [@B40]\].

4. Degenerative Lesions {#sec4}
=======================

While the etiologies of traumatic and degenerative lesions are different, during degeneration the CNS responds in a highly similar manner to that described for traumatic lesions, complete with reactive astrogliosis and the deposition of CSPGs. Hallmarks of Alzheimer\'s disease (AD) pathology include the formation of neurofibrillary tangles and extracellular accumulation of amyloid-beta (A*β*) fibrils \[[@B41]\]. This results in a loss of axonal integrity and a decline in synaptic connectivity that is believed to contribute to dementia \[[@B42]\]. Dystrophic neurites, activated astrocytes, and A*β* fibrils form senile plaques, which are the key diagnostic criteria of AD \[[@B43], [@B44]\]. These senile plaques appear to be loci for inflammatory processes, containing a variety of molecules such as cytokines, acute-phase proteins, and complement proteins, which are secreted by reactive microglia and astrocytes around the lesion \[[@B45]--[@B47]\]. Microglia have been identified in close association with AD lesions, and while their function is to phagocytize the lesions, they are unable to do so. With plaque deposition, activated microglia are present on a continuous basis and thus provide a constant source of neurotoxic molecules \[[@B48]\]. This mechanism has been proposed to explain the toxicity of amyloid peptides (reviewed by \[[@B49]--[@B53]\]).

Parkinson\'s disease (PD) is a neurodegenerative movement disorder of unknown etiology, characterized by the selective loss of dopaminergic nigrostriatal neurons \[[@B54]\]. PD patients present symptoms such as resting tremor, postural instability, muscle stiffness, and slowness of voluntary movements (reviewed by \[[@B55]--[@B57]\]). The selective vulnerability of dopaminergic neurons observed in PD is thought to be due to various interacting factors, one of which is the microglia-mediated inflammatory response \[[@B57], [@B58]\]. A role for activated microglia in neurodegeneration is supported by studies using PD animal models. Dopaminergic neuronal degeneration can be elicited by injecting the neurotoxin bacterial lipopolysaccharide into the rat substantia nigra. These experiments revealed a significant increase in microglia activation throughout this subcortical area preceding marked neuronal death \[[@B59]\]. Furthermore, lipopolysaccharide-induced neuronal death was blocked by inhibition of microglial activation in this model. Administration of the neurotoxins 1-Methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP) or 6-hydroxydopamine (6-OHDA) also mimics PD symptoms in mice and induces activation and proliferation of microglia, as well as increased expression of inducible nitric oxide synthase (iNOS) and MHC class-I and II molecules \[[@B57], [@B60]--[@B64]\]. The observed increase in activated microglia is highly localized and anatomically discrete, limited to the substantia nigra. Furthermore, it is directly correlated with the neuronal death (reviewed by \[[@B57]\]).

Multiple sclerosis (MS) is a clinically heterogeneous demyelinating disease of the CNS \[[@B65]\], characterized by inflammation, axonal degeneration, and gliosis \[[@B66]\]. The etiology of this chronic inflammatory disease is unknown, although an autoimmune response is thought to be involved. MS lesions are characterized by the presence of large regions of demyelination, commonly referred to as plaques. These plaques contain reactive glial scar formation, with infiltration of activated T cells and macrophages \[[@B67]\]. The blood brain barrier (BBB) is disrupted, and upregulation of various adhesion molecules has been reported on capillary endothelial cells during the early stages of disease \[[@B68]\]. Increased BBB permeability allows for inflammatory infiltrates like activated macrophages, T cells, and antibodies, to invade the CNS parenchyma. Tumor necrosis factor alpha (TNF-*α*) is a key cytokine that may influence the progression of MS. TNF-*α* promotes the proliferation of bovine astrocytes and human astroglioma cell lines, which leads to reactive gliosis, as seen in active MS plaques \[[@B69]\]. TNF-*α* also stimulates production of colony-stimulating factors from neighboring astrocytes, which act as chemoattractants for reactive cells. This results in increased migration of activated cells to sites of inflammation and increases in the proliferation and activation of microglia \[[@B70]--[@B72]\].

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing, adult-onset disease that usually results in death within 5 years of its initiation. Clinical manifestations of the disease include initial muscle weakness and atrophy that progress to a spastic paralysis resulting from motor neuron degeneration \[[@B73]\]. About 25% of ALS cases appear to be caused by a gain-of-function mutation in the antioxidant enzyme Cu, Zn superoxide dismutase-1 (SOD-1), which catalyzes the conversion of superoxide to oxygen and hydrogen peroxide \[[@B74]\]. This disease shares some of the characteristic neuroinflammatory changes observed in other neurodegenerative diseases like AD and MS \[[@B75]\]. Neuroinflammation is a key mediator of the pathology observed in ALS \[[@B76]\]. Reactive microglia and macrophages have been detected in spinal cord and motor cortex of ALS patients using conventional immunohistochemistry for activated monocyte-lineage-cell antigens (reviewed by \[[@B75]\]). MHC-I and MHC-II molecules, *β*2-integrins, and leukocyte common antigen are upregulated, indicating the presence of reactive microglia in these tissues \[[@B75], [@B77], [@B78]\]. Activated astrocytes and leukocytes are also observed, as demonstrated by glial fibrillary acidic protein (GFAP) and leukocyte functional antigen (LFA)-1 staining, respectively. Furthermore, the majority of LFA-1^+^ leukocytes were CD8^+^ \[[@B80]\], suggesting a role for cytotoxic T lymphocytes in disease progression. This T cell presence is not as prominent as that seen in T cell-mediated diseases like MS. In contrast, it has been proposed that neuroinflammation in ALS and its animal models is driven mainly by reactive macrophages and microglia and the resulting dysregulation in cytokine expression \[[@B76]\].

5. Role of Inflammation in Stimulating CSPG Expression {#sec5}
======================================================

Trauma-induced CNS injury and autoimmune/neurodegenerative CNS disorders have several important similarities and differences in terms of the immune/inflammatory response. This observation was noted by Popovich and colleagues \[[@B81]\] comparing MS and SCI, and it could easily be further extended to include conditions like ALS, AD, and PD. For example, one key feature observed in CNS diseases is the disruption of the BBB, which allows for an influx of inflammatory cells \[[@B82]--[@B85]\]. In AD, PD, MS, and ALS, the mechanisms for increased BBB permeability remain unknown. Inflammatory mediators released from microglia and T lymphocytes are related to this process, but what triggers this release is still a matter of controversy. On the other hand, in cases of traumatic CNS injuries, BBB disruption is a direct consequence of traumatic insult. Nonetheless, the chronic endothelial permeability is maintained and explained by a perpetuated intraparenchymal inflammatory response.

Both traumatic and autoimmune/neurodegenerative CNS injuries show microglial activation and immune cell infiltration. Even the temporal sequence of events is similar in these scenarios, where microglia are recruited first, releasing inflammatory cytokines and reactive oxygen species (ROS), as well as upregulating their antigen presenting cell capabilities. Following increased BBB permeability, hematogenous macrophages, neutrophils, and lymphocytes follow, mediating myelin vesiculation, lipid peroxidation and further release of proinflammatory agents and free radicals. Demyelination ensues, resulting from oligodendrocyte injury and edema. However, in SCI this process is restricted to CNS myelin, whereas in conditions like MS, myelin destruction and ROS are found in the CNS as well as in the periphery \[[@B81]\].

Increases in pro- and anti-inflammatory cytokine levels and ROS production are a common occurrence in traumatic and autoimmune or neurodegenerative CNS disorders. In terms of therapeutic approaches, this has been targeted repeatedly using a variety of strategies that include antibody treatments, administration of cytokine receptor antagonists, or even proinflammatory cytokines themselves \[[@B86]--[@B91]\]. Glucocorticoids like methylprednisolone have been used extensively in light of their ability to suppress proinflammatory cytokine synthesis \[[@B92]\]. Because activation of various immune cells during the inflammatory response is directly associated with secretion of ROS and tyrosine nitration, approaches such as antioxidant administration, inhibition of inducible nitric oxide synthase iNOS, and targeted depletion of hematogenous macrophages are all under investigation \[[@B93]\].

One of the main differences between SCI and autoimmune/neurodegenerative disorders is the induction time for cytokine expression. Trauma-induced CNS injury is characterized by a transient increase in proinflammatory cytokine levels that is followed by a relatively rapid restoration of baseline levels. In this instance, cytokines have a key role in the acute-phase response. Trauma related degeneration can be attributed to the initial trauma itself, since cell death and tissue necrosis occur as early as one hour after injury. On the other hand, neurodegenerative conditions like MS and ALS owe their prolonged progression to a slow and persistent increase in proinflammatory cytokines. Degenerative processes seen in these cases are more likely to be the result of direct effects of cytokines \[[@B81]\].

As previously noted, following any type of insult to the central nervous system, an immune response is elicited and a combination of vascular macrophages and active microglia infiltrate the lesion site. It is well documented that vascular macrophages and activated microglia synthesize and secrete many different proinflammatory cytokine and chemokine molecules \[[@B94]--[@B100]\]. Activated microglial cells are known to secrete a minimum of at least 20 different cytokine and chemokine molecules \[[@B101]\]. Some of these molecules, such as Interleukin-1 (IL-1), IL-2, IL-6, IL-15, IL-18, Interferon gamma (IFN-*γ*), and TNF-*α* are all known and documented to be proinflammatory and found to be upregulated in cases of CNS tissue damage \[[@B99], [@B101]\]. Interestingly, when these proinflammatory cytokines and chemokines, specifically IL-1, IL-2, IL-6, TNF-*α*, IFN-*γ*, were injected into normal brain tissue, a significant amount of reactive astrogliosis was observed around the injection sites \[[@B94], [@B95], [@B97]\]. Another study demonstrated that transforming growth factor alpha (TGF-*α*; a cytokine expressed by macrophages) and transforming growth factor beta (TGF-*β*; a cytokine expressed by both microglia and macrophages) resulted in the upregulation and synthesis of chondroitin 6-sulphate proteoglycans in brain tissue and*in vitro* cell culture experiments \[[@B100]\]. Recent work has identified a link between the activation of microglia and the activation of astrocytes, painting a picture of crosstalk and coregulation, where astrocytes and microglia signal to each other modulating each other\'s activation and post-injury activities \[[@B96], [@B98]\]. Interestingly, macrophages themselves can synthesize and either degrade or secrete CSPGs and may be a potentially significant source of CSPGs in the post-injury environment \[[@B102]\].

6. CSPG Deposition at CNS Lesions {#sec6}
=================================

CSPGs are upregulated rapidly in the tissue surrounding a lesion site, due to the induction of reactive gliosis (see [Figure 3](#fig3){ref-type="fig"}). There are many members of the CSPG family and individual CSPGs are synthesized by different cell types and at different time points following injury. Reactive astrocytes synthesize brevican, neurocan, and phosphacan, while vascular macrophages, activated microglia, and endogenous OPCs account for the increased expression of NG2 and versican \[[@B17], [@B103], [@B104]\].

In traumatic lesions, CSPGs can be observed at the lesion very quickly, within the first 24 hours. However, the temporal pattern in which individual CSPG molecules are produced is different. Neurocan is the first to appear, with brevican and versican following. Their expression levels are maximal two weeks after injury, in a spinal cord injury model \[[@B104]\]. Peak expression of the NG2 proteoglycan occurs one week after injury, because it is expressed by infiltrating macrophages and OPCs. Keratan sulfate proteoglycans, which are also inhibitory to regeneration, are also produced by infiltrating macrophages, microglia, and OPCs as early as 3 days post-injury \[[@B104], [@B105]\]. Interestingly, expression of phosphacan is initially downregulated during the first 72 hours after lesion but slowly increases over time, reaching peak levels approximately eight weeks after injury \[[@B104]\]. While all members of the CSPG family are expressed following a traumatic insult to the CNS, their location in the lesion area is also variable. Neurocan is expressed close to the lesion center, and around the immediate border, in a zone from 100 *μ*m to 500 *μ*m around a spinal cord lesion. Brevican lies close to the immediate injury site as well, deposited within 300 *μ*m of the lesion border. Phosphacan and versican are expressed in a more broad range deposition, extending in a diffuse pattern as far as 600 *μ*m from the impact site \[[@B104]\]. Additionally, while changes in CSPG expression in tissue adjacent to the damaged tissue are well described, alterations in CSPGs expression in areas distal to lesions are also observed. In a study conducted by Andrews and colleagues \[[@B106]\] following a spinal contusion at the T8 level, CSPG expression was detected in both the lumbar and cervical enlargements, far away from the injury site. They discovered a strong upregulation of neurocan at the lesion epicenter and at both the lumbar and cervical enlargements. Aggrecan and brevican were initially downregulated in the lesion and was unchanged in both spinal enlargements \[[@B106]\]. While the total amount of NG2 protein did not change in the tissue around the lesion, there was an accumulation of NG2 in the lumbar enlargement but not the cervical. The continual and differential expression of CSPGs changes over acute and chronic times following trauma, and the changes that occur far from the site of insult maintain a broad environment inhibitory to regenerative response for many months post-injury.

In neurodegenerative lesions, the timeline of CSPG expression is not well understood, as all histopathology in humans occurs post-mortem. However, several studies have documented the presence of CSPGs in human tissue and upregulation in animal models of disease. In Alzheimer\'s disease, when the formation of the *β*-amyloid plaques and neurofibrillary tangles was examined, it was found that these lesions were surrounded in a shell of GFAP positive reactive astrocytes, which indicate that reactive gliosis had occurred \[[@B107]\]. Further examination of AD brains revealed the expression of CSPGs, heparan sulfate proteoglycans (HSPGs), and dermatan sulfate proteoglycans (DSPGs). The upregulation of CSPG expression has also been discovered in other neurodegenerative diseases such as Huntington\'s disease, MS, around the inclusions of Parkinson\'s disease, in Pick\'s disease, and progressive supranuclear palsy \[[@B107], [@B108]\]. The edges of active MS demyelinating lesions are rich in the CSPGs aggrecan, neurocan, and versican \[[@B109]\]. Further, an increase in the levels of bone morphogenic protein (BMP) has been detected in areas of demyelination. Activation of BMP stimulates increased synthesis of CSPGs from astrocytes surrounding the lesion \[[@B110]\]. In other forms of nontraumatic CNS injuries, such as stroke and amyotrophic lateral sclerosis, reactive astrogliosis occurs, with CSPG deposition as a result of the pathology \[[@B111], [@B112]\].

Regardless of the etiology, most CNS lesions involve an immune response, including the recruitment of vascular macrophages and activated microglial cells \[[@B10], [@B29], [@B101], [@B114], [@B115]\]. The cytokine and chemokine molecules expressed by these immune cell infiltrates elicit a process of reactive astrogliosis, which in turn is responsible for the upregulation of CSPG expression. While the overexpression of proteoglycans that occurs following injury is highly inhibitory to the regenerative response, it is also important to note that this process is also necessary. The upregulation of CSPGs occurs quickly to contain the tissue damage. By interfering with or preventing the formation of the glial scar, not only tissue degeneration is significantly worse, but the spread of damage into areas not initially damaged can be up to 60% greater \[[@B12]--[@B15]\]. This poses an interesting challenge to researchers, how to bypass or neutralize the well-known and documented inhibitory effects of CSPGs on regeneration, while not totally or permanently ablating or eliminating the formation and function of the glial scar.

7. Inhibitory Effect of CSPGs on Neuronal and Oligodendroglial Cells {#sec7}
====================================================================

At the molecular level,*in vitro*studies have demonstrated that CSPGs can interact with adhesion molecules expressed on various cell types \[[@B116]\]. When axonal growth cones come into contact with CSPGs, they collapse and retract. This is likely the reason for the abortive regenerative sprouting observed in spinal cord lesions \[[@B10], [@B33]\]. The interaction of CSPGs and neurons activates the Rho-ROCK and/or protein kinase C (PKC) intracellular signaling cascades, which inhibit process extension. It was also noted that by blocking activation of the Rho-Rock and/or PKC signalling pathways, the inhibitory effects of CSPGs could be reversed \[[@B26]\]. It has also been demonstrated*in vitro* that CSPGs can influence the activity of the axonal growth cone. In dorsal root ganglion cultures, the presence of CSPGs induced changes in local protein synthesis in the growth cone, with an increase in RhoA transcripts (a cytoskeletal regulator) being found locally within the growth cone after CSPG contact \[[@B117]\].

While CSPGs are widely accepted to be inhibitory to axonal regeneration, the inhibitory nature of individual CSPG molecules varies among the proteoglycans.*In vitro*, purified brevican has been shown to be inhibitory to both axonal attachment and growth \[[@B29], [@B118]\], while both neurocan and phosphacan have been shown to interact with neural cell adhesion molecules (N-CAM) similarly inhibiting axonal growth \[[@B29], [@B118]\]. Conversely, versican is not thought to be inhibitory to either axonal regrowth or adhesion. Axons are able to grow through deposits of versican*in vitro* and are not inhibited by the presence of purified versican \[[@B119], [@B120]\]. Certain*in vitro* studies have demonstrated that NG2 can be inhibitory to the process of axonal outgrowth, while other studies have demonstrated that NG2 is not only permissive to axonal growth but can stabilize the axon post-injury \[[@B104], [@B121]--[@B124]\]. A novel brain-derived proteoglycan Te38 is highly inhibitory to axon outgrowth \[[@B125]\], and it is present within the lesion site of a spinal cord injury \[[@B125], [@B126]\]. The Te38 proteoglycan could be detected for up to 4 weeks post-injury; however, the exact expression pattern for Te38 has yet to be determined.

While the inhibitory effects of CSPGs on axons have been known for some time, the effects they exert on other cell populations, such as oligodendrocytes, have only been recently considered. CSPGs exert a highly inhibitory influence on oligodendrocytes \[[@B127]--[@B129]\]. Studies utilizing an*in vitro* model of the glial scar with isolated OPCs revealed a significant inhibition of process outgrowth and differentiation \[[@B127]\]. When the OPCs processes came into contact with CSPGs, the cellular process retracted and avoided contact with the CSPG rich surface, similar to what was observed with neurons. Additional studies by other laboratories have confirmed these findings, suggesting CSPGs exert an inhibitory effect on oligodendrocytes \[[@B128], [@B129]\].

*In vivo*, CSPG expression can modulate the migration and differentiation of endogenous OPCs that are attracted to CNS lesions. Accumulation of OPCs at the edge of a lesion can be observed after spinal cord injury, in the regions distal to the lesion site \[[@B130]--[@B132]\]. There is somewhat conflicting evidence as to whether they can differentiate into myelinating oligodendrocytes in the area around the lesion. They may differentiate into mature cells but may not survive for longer times after injury \[[@B133], [@B134]\]. In addition to the CS-GAGs, the presence of other glycosaminoglycans like hyaluronan needs to be taken into consideration, as hyaluronan is known to modulate the behavior of oligodendrocytes. The presence of hyaluronan in active demyelinating lesions in MS and other white matter diseases can inhibit the differentiation of endogenous OPCs located near the lesions \[[@B135], [@B136]\]. Thus, the expression of glycosaminoglycans at a lesion site has effects not only on neuronal regeneration but possibly on remyelination as well.

The cellular receptors which interact with proteoglycans have only recently been identified. Potential surface receptors for proteoglycans on neurons and glial cells include the protein tyrosine phosphatase sigma (PTP*σ*). Loss of the PTP*σ* receptor by gene knockdown or inhibition of receptor activation renders neuronal process outgrowth insensitive to CSPG deposits \[[@B136]\]. Studies have also recently shown that the PTP*σ* receptor may also be involved with the observed inhibitory effects CSPGs exert on oligodendrocytes \[[@B129], [@B138]\]. While PTP*σ* has been observed in both neurons and oligodendrocytes, other receptors for CSPGs have been identified in neurons only, including Nogo 66 Receptor 1 (NgR1), Nogo 66 Receptor 3 (NgR3), and leukocyte common antigen receptor (LAR) \[[@B139], [@B140]\]. To date, there are no definitive reports that NgR1, NgR3, or LAR function as CSPG receptors in oligodendrocytes.

8. Therapeutic Modulation of CSPGs: Chondroitinase ABC {#sec8}
======================================================

Given that CSPGs are a major barrier to repair and regeneration, a key experimental strategy for enhancing axonal regeneration and plasticity has been to modify the inhibitory extracellular environment. The bacterial enzyme chondroitinase ABC (cABC) can neutralize the inhibitory nature of the CSPG molecules and thus was tested in many injury models. cABC is an enzyme produced by the bacteria*Proteus vulgaris*, which catalyzes the removal of the glycosaminoglycan side chains from the central core protein \[[@B141]\]. Numerous*in vivo* studies have shown that by treating a CNS lesion site with the enzyme cABC, axonal sprouting, growth, and plasticity are significantly increased \[[@B142]--[@B150]\]. This is often accompanied by a significant increase in recovery of motor function, which suggests that cABC is an attractive candidate for therapeutic applications. However, to date, there is little anatomical evidence to suggest that administration of cABC has allowed for axonal regrowth over long distances. While substantial axonal growth can be observed into and even through a SCI lesion, there are no studies that demonstrate axonal regrowth to its original target. This is likely due to the slow growth rates of regenerating axons, and the short time points examined in the reported experiments. It could also be due to the fact that measured improvements in motor function result from other mechanisms, such as formation of alternative neuronal circuits, improved survival of motor neurons, as well as remyelination. The underlying explanation for the motor improvements observed after cABC administration are currently not well understood.

One critical issue with the use of cABC as a therapeutic agent is the thermal instability of the enzyme. The biological activity of cABC decreases quickly when in solution and is sensitive to temperature. A study by Tester et al. \[[@B151]\] demonstrated that if cABC in solution was incubated at 37°C, its enzymatic activity was significantly reduced after 3 days and totally lost by 5 days. These findings reveal that while the therapeutic ability of cABC is promising, experimental stabilization of the enzyme is likely to be needed for it to be a more effective therapeutic agent \[[@B151]\]. Currently, methods for administering cABC range from a constant infusion, soaking a piece of gelfoam in cABC and applying it directly to the injury site \[[@B145]\], to directly infusing the enzyme into the ventricles of the brain \[[@B152]\]. There have been several experimental approaches to stabilize the enzyme or to provide a continual supply of active enzyme at a lesion. Modification of the protein structure by amino acid substitutions has generated forms of cABC that show more stable enzymatic activity \[[@B153]\]. Alternatively, the gene for cABC can be inserted into a viral vector, which can be either directly introduced into a CNS lesion or introduced into cells which can then be transplanted into a lesion \[[@B154]--[@B158]\]. Both methods can produce sustained levels of enzyme*in vivo*, with digestion of CSPGs. To avoid the use of viral vectors, we have incorporated cABC into biodegradable nanospheres, which protects the enzymatic activity for many months \[[@B159]\]. When tested in an*in vivo* model of spinal cord injury, the slow release of active cABC from nanospheres resulted in a significant increase in the level of CSPG digestion at 2 weeks and 1 month after injury when compared to direct injections, as well as a significant increase in the level of axonal sprouting throughout the lesion site \[[@B160]\].

While cABC treatment digests CSPGs, there is evidence that following deglycanation, intact CSPGs are eventually reconstituted in the tissue. This turnover occurs approximately two-weeks following deglycanation and was demonstrated in a study by Crespo et al. \[[@B141]\]. In this study, a CNS lesion was inflicted to the nigrostriatal tract, followed by cABC treatment. Prepared lesion site extracts were analyzed with the 1B5 antibody to identify digested CSPGs. At 1, 4, and 7 days after lesion 1B5 labeling was clearly visible, but by 14 days after lesion 1B5 immunoreactivity was no longer present \[[@B141]\]. This suggests that by 2 weeks postlesion the digested CSPGs have been either reformed or cleared from the lesion site. Therefore, a continual supply of cABC within the lesion site is presumably needed until axonal outgrowth and repair of neural connections is complete. Should CSPG turnover occur before axonal outgrowth or remyelination is complete, the newly deposited CSPGs would once again create a highly inhibitory influence and halt the regeneration. However, there is clearly a need for a balance of CSPG degradation and reconstitution. While cABC treatment offers a temporary breakdown of CSPGs within the glial scar to foster axonal outgrowth, total ablation of the glial scar results in more severe tissue damage \[[@B12]\]. Therefore, at least the core proteins of CSPGs and perhaps the intact CSPG molecule may be needed to stabilize the spinal cord environment after CNS injury.

9. Postulated Mechanisms for cABC Improvements in CNS Function after Injury {#sec9}
===========================================================================

While many studies claim functional recovery is a result of axonal regeneration, they fail to rule out other adaptive mechanisms that may account for the recovery of function. Such mechanisms include possible spontaneous remyelination of spared axons or the formation of alternative neural circuits \[[@B161]--[@B163]\]. It is essential in the field of neural regeneration research, especially when agents like cABC are tested, that the motor behavior data be correlated with neuroanatomic data to determine the cellular mechanisms underlying motor recovery. Introducing cABC into a post-injury environment rich in CSPGs, which have well-known inhibitory effects on neurons, OPCs, and possibly other cells will change their behavior in the dynamic lesion environment. Therefore, the observed recovery of function could be the collective results of multiple events not related to axonal regeneration.

Most studies using cABC have focused on the effects on neurons, documenting significant axonal sprouting and growth around a lesion after cABC treatment \[[@B142]--[@B147]\]. However, the extent of axonal regeneration is widely variable between studies, and no long distance regeneration is observed. While experimental treatment with cABC is frequent in the field of spinal cord injury, it has also been tested as a potential therapeutic agent in stroke and TBI research. Studies demonstrate that while the functional/behavioral recovery is mixed, in all cases of cABC administration following TBI or stroke, there are signs of anatomical reorganization, with degradation of the CSPG matrix, perineuronal nets, and evidence of axonal sprouting and growth \[[@B148]--[@B150]\].

It is also possible that what is sometimes characterized as axonal regeneration may actually be the sprouting of spared axons \[[@B164]\]. When the total percentage of CNS axons found to regenerate is compared to the results found after PNS injury, the results are striking. Under optimal conditions, on average 90% of axons are found to regenerate within the PNS \[[@B164]\]. However in regeneration studies examining CST axons, only 2--10% of CST axons are reported to regenerate and for relatively short distances \[[@B164]\]. Likewise \~7% of rubrospinal axons regenerate, at best, following experimental intervention \[[@B164]\]. And finally, the distance CNS axons actually grow is rather meager. As summarized by Bradbury and McMahon \[[@B164]\], the proportion of axons (CST axons) induced to grow longer than two spinal segments is less than 10%.

CSPGs have a strong inhibitory influence on OPC process outgrowth and differentiation, both*in vitro* and*in vivo*, and this may affect remyelination near a CNS lesion. There is significant OPC infiltration to a SCI lesion site after cABC treatment, which occurs quickly after injury \[[@B123], [@B126], [@B132], [@B165]\]. The inhibitory effects of individual CSPGs were identified using an*in vitro* assay; the strongest inhibition was observed with the mixes of CSPGs containing high levels of both neurocan and phosphacan. This is highly homologous to the CSPGs composition of the glial scar \[[@B126]\]. Cellular effects included stunting of cytoplasmic process outgrowth and myelin sheet formation, and impeding the migratory ability of the OPCs. It is well known that following an injury to the CNS, OPCs begin to migrate towards the site of oligodendrocyte loss and some spontaneous remyelination does occur; however, sustained remyelination of spared axons has never been well documented \[[@B22], [@B130]\].

Using a spinal cord injury model, treatment with cABC showed a significant increase in the number of OPCs found inside and around the lesion site \[[@B132]\]. This occurs quite quickly after injury and is independent of axonal sprouting. In the absence of cABC, OPCs migrate towards the distal edge of the lesion over the two week period. This finding mirrors that of previous studies, which show an accumulation of OPCs in the regions distal to the lesion site \[[@B130], [@B131]\]. Moreover, this also correlates to the time when the expression of CSPGs and establishment of the glial scar in the proximal area immediately adjacent to the lesion becomes maximal \[[@B10], [@B29], [@B104]\]. The administration of cABC immediately after injury allowed for a significant increase in overall number of OPCs as well as access into areas proximal and within the lesion. Interestingly, a large increase in OPC number was observed deep inside the lesion site \[[@B132]\]. The signal attracting OPCs into the lesion cavity is unknown. However, there is speculation that demyelination and myelin breakdown may be the cue. One element common to cuprizone and SCI models is the microglial activation and clearance of myelin debris \[[@B10], [@B29], [@B166]\]. Thus, demyelination followed by microglial activation may be recruitment signals for OPCs.

10. Xyloside and Other Agents {#sec10}
=============================

In the field of MS research, it has been demonstrated that inhibiting the synthesis of CSPGs improves the outcome of the pathology \[[@B128]\]. Xyloside blocks the attachment of the GAGs to the CSPG\'s central core protein, which is the primary inhibitory element of CSPGs. Thus, the deposition of CSPGs without GAG side chains does not create an environment that retards tissue repair. When xyloside was administered in a lysolecithin-induced model of demyelination, it not only resulted in a greatly reduced area of demyelination, but there was also a significant increase in the number of mature oligodendrocytes found within the MS plaque \[[@B128]\]. Due to potential side effects, xylosides may not be useful to treat SCI in humans. However, the results further support the observation that CSPGs are inhibitory to repair of the injured CNS, due to the presence of GAG side chains, and that neutralizing CSPGs allows for regenerative/reparative response to progress.

Alternatively,*in vitro*experiments have successfully targeted the enzymes responsible for the polymerization of the GAG side chains \[[@B167]\]. When siRNA directed against chondroitin polymerizing factor (ChPF) was introduced into astrocytes, CSPG core proteins were produced, but they were not decorated with the GAG side chain and did not pose a significant barrier to axonal growth from cerebellar granule neurons \[[@B167]\]. In another study, it was demonstrated that the administration of xylosyltransferase-1 (XT-1), a DNA enzyme against the GAG chain initiating enzyme, greatly reduced the presence of GAG chains, which subsequently allowed for the regeneration of microtransplanted adult sensory axons past the central core of a spinal cord stab lesion \[[@B168]\]. Disrupting CSPGs synthesis could provide a potentially novel therapeutic treatment paradigm, targeting assembly of the GAG chains in newly synthesized proteoglycans, rather than digestion of existing GAG chains with cABC.

11. Summary and Future Directions {#sec11}
=================================

Significant progress has been made in understanding the post-injury tissue response after CNS injury, especially the identification and characterization of molecules at the lesion site that inhibit axonal regeneration, and identifying agents that can enhance the capacity for repair. There is overwhelming evidence that following*any*insult to the CNS, traumatic or degenerative, an inflammatory reaction occurs, and the activation of microglia, astrocytes, and invasion of vascular macrophages result in an upregulation and synthesis of CSPGs ([Figure 3](#fig3){ref-type="fig"}). There is also strong evidence that CSPGs form an important protective barrier, preventing further secondary tissue damage \[[@B12]--[@B15]\]. However, it is also a primary reason axonal regeneration and remyelination fails following any type of injury to the CNS.

Modification of CS-GAG expression on CSPGs, while not completely ablating the CSPG molecule, is a reasonable approach to facilitating repair. One promising avenue is the administration of cABC at the site of a CNS lesion to remove the inhibitory GAG chains and neutralize the inhibitory nature of CSPGs. cABC has been tested in many injury studies and often results in an improvement in motor function. However, long distance axonal regeneration is rarely observed. In the SCI field, it is widely accepted that cABC will need to be used in conjunction with agents such as neurotrophins that can directly promote neuronal survival and stimulate axonal growth. An alternative strategy targets the new synthesis of CSPGs after injury by blocking the addition of GAG side chains. These agents also reduce the presence to the inhibitory GAG chains, but they have not been as well documented in injury models. Like cABC, it is probable that they need to be utilized in conjunction with factors that directly stimulate axonal sprouting and regrowth to maximize repair and recovery of function.

While modification of CSPG expression is an attractive therapeutic approach, there are still many questions which need to be answered. How long would an agent such as cABC be needed? Axonal growth is a slow process, which can take months in animals and longer in humans; however, cABC may only be needed at specific times to allow the regeneration process to initiate. Delivery methods are very important as well. cABC is a labile enzyme, losing activity quickly in solution. There are several choices for long term delivery including viral expression and biomaterial packaging. However, how would this be silenced once regeneration is accomplished and cABC is no longer needed? Excess cABC would destabilize perineuronal nets in uninjured tissue, which could potentially result in aberrant axonal sprouting and circuit formation as well as synaptic instability. Although there are no reports of adverse effects in animal studies, there is also the possibility that the long term presence of cABC could trigger an immune response in humans.

The most important consideration for repair of the damaged CNS is that controlling CSPG expression is only one aspect of the solution. Neurotrophic agents that directly promote neuronal survival and axonal growth are just as important, particularly for regeneration of specific neuronal populations, as are methods to direct these regenerating axons to their targets. CSPG regulation is but one important step in restoring CNS function after injury or disease.
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![Schematic representation of individual proteoglycan molecules. (a) Members of the lectican family: aggrecan, brevican neurocan, and the three isotypes of versican, all share a similar homology, with a G1 domain at the N-terminus and a G3 domain at the C-terminus. The GAG side chain varies in number among the different lectican family members but is attached to the central core of the protein. (b) Phosphacan is a splice variant of the RPTP molecule, lacking the transmembrane and two intracellular domains, found in the RPTP molecule. (c) NG2 is a transmembrane proteoglycan that lacks homology to any of the other CSPGs. NG2 has two large extracellular domains separated by an extended region, where the GAGs are attached, a transmembrane domain and short cytoplasmic tail. NG2 can be cleaved by enzymes at the cell surface and released into the extracellular matrix (adapted and modified from \[[@B16], [@B18]\]).](BMRI2014-845323.001){#fig1}

![Diagram of the sulfation patterns of the disaccharide unit of the GAG chain. Sulfation at different carbon atom positions in the GlcA and/or Gal*N*Ac saccharide unit is one of the major factors that influence the effects of the proteoglycan. Monosulfation can occur at position 4 of the Gal*N*Ac resulting in synthesis of CS-A GAG or position 6 of the Gal*N*Ac resulting in the synthesis of the CS-C GAG. Disulfation can also occur with sulfation of position 6 of the Gal*N*Ac and position 2 of the GlcA, resulting in synthesis of the CS-D GAG, or sulfation of positions 4 and 6 on the Gal*N*Ac saccharide unit resulting in formation of the CS-E GAG (adapted and modified from \[[@B16], [@B18]\]).](BMRI2014-845323.002){#fig2}

![Damage to the central nervous system, either by trauma or disease processes, initiates an increase in proinflammatory cytokines, which stimulates the upregulation of CSPGs expression.](BMRI2014-845323.003){#fig3}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cell                               Proteoglycan   CNS\       Location   Inhibitory to axonal growth                                                References
                                                    specific                                                                                         
  ---------------------------------- -------------- ---------- ---------- -------------------------------------------------------------------------- ------------------------------------------------
  Neurons                            Aggrecan       No         ECM        YES                                                                        \[[@B169], [@B170]\]

  Brevican                           Yes            ECM        YES        \[[@B22], [@B106]\]                                                        

  Neurocan                           Yes            ECM        YES        \[[@B16], [@B22], [@B106], [@B171], [@B172]\]                              

  Phosphacan                         Yes            ECM        YES        \[[@B16], [@B22], [@B106], [@B171], [@B172]\]                              

                                                                                                                                                     

  Astrocytes                         Brevican       Yes        ECM        YES                                                                        \[[@B22], [@B106], [@B118]\]

  Neurocan                           Yes            ECM        YES        \[[@B16], [@B22], [@B106], [@B118], [@B171], [@B172]\]                     

  Phosphacan                         Yes            ECM        YES        \[[@B16], [@B22], [@B106], [@B118], [@B123], [@B124], [@B171], [@B172]\]   

                                                                                                                                                     

  Activated\                         KSPGs          No         TM & ECM   YES                                                                        \[[@B93], [@B94], [@B173]\]
  microglial cells                                                                                                                                   

  NG2                                No             TM & ECM   ?          \[[@B93], [@B109], [@B110], [@B123], [@B124], [@B174]--[@B177]\]           

                                                                                                                                                     

  Oligodendrocyte progenitor cells   KSPGs          No         TM & ECM   YES                                                                        \[[@B93], [@B94], [@B173]\]

  NG2                                No             TM & ECM   ?          \[[@B93], [@B109], [@B110], [@B123], [@B124], [@B174]\]                    

  Versican (V2)                      Yes            ECM        NO?        \[[@B107], [@B109]\]                                                       

                                                                                                                                                     

  Polydendrocytes                    NG2            No         TM & ECM   ?                                                                          \[[@B93], [@B109], [@B110], [@B123], [@B124]\]

                                                                                                                                                     

  Activated vascular macrophages     KSPGs          No         TM & ECM   YES                                                                        \[[@B93], [@B94], [@B173]\]

  NG2                                No             TM & ECM   ?          \[[@B93], [@B109], [@B110], [@B123], [@B124], [@B176], [@B177]\]           
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: TM: transmembrane; ECM: extracellular matrix.
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